Summary

18
The stability of biochar, a form of charcoal intentionally made to be added to soil to 19 sequester carbon (C) and improve its function, remains unclear. As it is not feasible to 20 perform long-term (e.g., decades, centennial) laboratory experiments to assess biochar 21 evolution after soil amendment, the study of ancient archaeological charcoals can help in sand were used to (i) evaluate the stability of C in the short-medium term, (ii) 28 model its mineralization process and (iii) estimate the C turnover. Elemental analysis, 29 thermogravimetric analysis (TG), X-ray photoelectron spectroscopy (XPS), solid-state 30 13 C nuclear magnetic resonance (NMR) and pyrolysis gas chromatography/mass 31 spectroscopy (Py-GC-MS) gave consistent results on describing the charring intensity 32 and the degree of polycondensation of these charcoals. The oldest buried deposit 33 (770±50 y BP) still retained un-charred or weakly charred lignocellulosic material, 34 indicating that such material survived decomposition processes for several centuries. 35 The amount of organic C mineralized in 109 d was <0.5% of initial charcoal-C. No 36 differences in MRT among samples were detected, in spite of inferred differences in 37 thermal impact. Longer term incubations are needed to obtained better estimates of C 38 turnover rates in charred material.
39
Introduction
40
Fire and the partly to severely charred material that remains in soil after vegetation 41 fires have had an impact on soil fertility and soil genesis for millennia (Knicker, biochar, biomass thermo-chemically converted in an oxygen-limited environment, as 65 soil conditioner has gained interest to sustainably sequester carbon and 66 simultaneously improve soil functions without having a negative impact on the 67 environment and human health in the short-and long-term (Verheijen et al., 2009; 68 IBI, 2012). Understanding the stability of biochar in specific soils is paramount for 69 assessing its C sequestration capacity and potential. Once quantified, biochar may 70 obtain monetary value, apart from its agricultural value, through the C credit market. 71 It is assumed that charred material (e.g., charcoal) is more recalcitrant than other 72 types of organic compounds common in soil and this is attributed to the intrinsic Zealand. For this, the organic fraction of three charcoals of different radiocarbon age 84 has been analysed using elemental analysis, thermogravimetric analysis (TG), X-ray 85 photoelectron spectroscopy (XPS), solid-state 13 C nuclear magnetic resonance (NMR) 86 and pyrolysis gas chromatography-mass spectroscopy (Py-GC-MS).
88
Materials and methods
89
Materials
90
The three charcoals studied here were taken from distinct deposits of charcoal pieces 91 in pre-European garden sites in New Zealand's North Island. These were identified 92 with the naked eye and referred as "characteristic feature" in archaeological reports 93 (Gumbley, 2011a; Hoffmann, 2011 Papamoa-2 from the archaeological site U14/2907 (37°40'58" S; 176°15'1.5"E; 101 Gumbley, 2011b). Intact charcoal pieces were hand-picked and wet sieved (particle 102 size 0.25-40 mm) by submerging the particles into a water bath from which charcoal 103 was separated after floating off (Gumbley et al., 2004) . The origin of the charcoal can 104 be either slash-and-burn clearance of the native vegetation by pre-European gardeners 105 or firewood (direct human occupation) (Gumbley et al., 2004; Gumbley, 2011a;  cleared shortly before the onset of gardening, around AD 1500-1600 (Hoffmann, 115 2011). The radiocarbon age of the specific site where the sample was located is, 116 however, slightly more recent (329±30 y BP; Table 1 ).
117
Papamoa-1 and Papamoa-2 charcoal samples were collected from the relict sand 118 dune plain at Papamoa (Gumbley, 2011a; . Garden soils at Papamoa are closely 119 associated with large numbers of settlements marked by shell middens, located near 120 the shoreline. Occupation of the Papamoa dune ridge plain occurred from AD 1400 to 121 AD 1600. Papamoa-1 was obtained in a garden soil similar to that of Horotiu-1. The 122 sample was collected from a horizontal black, charcoal-rich soil lens of 3-6 cm thick, 123 at approx. 30 cm depth, described as a "linear burnt feature" or a blackish layer 124 identified as different from the soil matrix, which included remains of volcanic tephra 125 layers (Gumbley, 2011a) . Charcoal, both as scattered lumps and as patches of fine 126 particles, was present in the entire profile. The radiocarbon age of the site is 770±50 y 127 BP (Table 1) . Papamoa-2 charcoal was obtained in an area close to shell middens in 128 Papamoa (Gumbley, 2011b) , from a 20-50 cm thick mixed soil at 25 cm depth. The 129 reworked topsoil had a yellowish brown colour, whereas the subsoil consisted of pale 130 brown sand, including charcoal and volcanic tephra. The charcoal (radiocarbon age of 131 the site: 681±30 y BP) had a variable particle size, including lumps visible to the 132 naked eye and fine material concentrated in mottles (Gumbley, 2011b 6.5 using NaOH 0.1 M. All treatments were repeated (n=4).
223
The vials with experimental units were pre-incubated for 24 h at 4 °C in dark to 
Results
255
Chemical properties 256 Chemical properties of the Māori charcoals investigated here are shown in Table 1 . 257 All charcoal showed an acidic pH, with values of 5.0, 6.0 and 5.5 for Horotiu-1, 258 Papamoa-1 and Papamoa-2, respectively; EC values were below 4 mS m -1 (Table 1) . The TG and DTG curves are shown in Figure 1 and the data summarized in Table 1 .
270
The charcoals showed a similar thermo-degradability. which was remarkable considering the low N content of these charcoals (Table 1,   331   Table 2 ). These compounds have different origins: benzonitriles and (iso)quinoline (Table 2 ). These compounds are common products of black C and especially benzene and toluene often dominate its pyrolysates (Kaal & Rumpel, 2009 charcoal; Figure 5 ), but differences were not significant at P < 0.05. During the no The different methodologies applied produced consistent results regarding the main apparently produced charcoal at lower intensity, presumably at lower temperatures.
453
Comparison of elemental composition and XPS assists in elucidating the spatial 454 distribution of C fractions within the charcoal particles (Figure 2 ; Tables 1 and 3). For   455 all charcoals, the O/C org atomic ratio obtained from XPS was higher than that 456 calculated from the elemental analysis of the bulk sample (Table 1, Table 3 ), 457 indicating that the oxygen tends to be distributed at the surface, in agreement with a In this study it was found that the Horotiu-1 charcoal, found in a deposit of ≈329 thus hypothesized that, while the charcoal particles were at the soil surface they were 486 partly decomposed, but this decomposition was drastically slowed down after burial.
487
The effect of the tephra, common in the soil where Papamoa-1 was located (Gumbley, 488 2011a), deserves further attention. Treatments: presence (+ inoculum) and absence (no inoculum) of soil inoculum.
557
Values are the mean ± standard error of mean (n=4). 
